Land-use changes cause habitat loss and fragmentation and are thus important drivers of 24 anthropogenic biodiversity change. However, there is an ongoing debate about how fragmentation 25 per se affects biodiversity in a given amount of habitat. We illustrate why it is important to distinguish 26 two different aspects of fragmentation to resolve this debate: (i) geometric fragmentation effects, 27 which exclusively arise from the spatial distributions of species and habitat fragments, and (ii) 28 demographic fragmentation effects due to reduced fragment size, increased isolation, or edge effects. 29
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While most empirical studies are primarily interested in quantifying demographic fragmentation 30 effects, geometric effects are typically invoked only as post-hoc explanations of biodiversity responses 31 to fragmentation per se. Here, we present an approach to quantify geometric fragmentation effects 32 on species persistence probability. We illustrate this approach using spatial simulations where we 33 systematically varied the initial abundances and distribution patterns (i.e. random, aggregated, and 34 regular) of species as well as habitat amount and fragmentation per se. As expected, we found no 35 geometric fragmentation effects when species were randomly distributed. However, when species 36 were aggregated, we found positive effects of fragmentation per se on persistence probability for a 37 large range of scenarios. For regular species distributions, we found weakly negative geometric effects. 38
These findings are independent of the ecological mechanisms which generate non-random species 39 distributions. Our study helps to reconcile seemingly contradictory results of previous fragmentation 40 studies. Since intraspecific aggregation is a ubiquitous pattern in nature, our findings imply widespread 41 positive geometric fragmentation effects. This expectation is supported by many studies that find 42 positive effects of fragmentation per se on species occurrences and diversity after controlling for 43 habitat amount. We outline how to disentangle geometric and demographic effects of fragmentation, 44 which is critical for predicting the response of biodiversity to landscape change. 45 46 large (SL) or several small (SS) habitat fragments (Fahrig 2013 ). The latter is well known as the SLOSS 72 problem in conservation biology (e.g. Diamond 1975 , Simberloff and Abele 1976 , Ovaskainen 2002 Tjørve 2010), which remains unresolved even after four decades of research. Although numerous 74 studies have shown the often expected negative effects of fragmentation per se on biodiversity (e.g. 75 Rybicki and Hanski 2013, Haddad et al. 2015) , a great many find neutral (Fahrig 2003 , Yaacobi et 76 al. 2007 or even positive effects (e.g. Tscharntke et al. 2002 , Fahrig 2017 , Seibold et al. 2017 . 77
To understand and resolve the contrasting results observed in empirical studies, we suggest 78 distinguishing two different aspects of fragmentation: (i) geometric fragmentation effects, which arise 79 solely from the spatial arrangement of habitat fragments relative to species distributions in continuous 80 landscapes and specify if individuals are located in habitat fragments or in the surrounding (hostile) 81 matrix, and (ii) demographic fragmentation effects, which alter population growth or persistence in 82 potentially isolated habitat fragments due to mechanisms such as increased demographic stochasticity 83 (MacArthur and Wilson 1967, Lande 1993), Allee effects (Courchamp et al. 2008, Swift and Hannon 84 2010) , reduced immigration (Hanski 1999 ), or edge effects (Saunders et al. 1991, 85 Harrison and Bruna 1999, Collinge 2009 , Haddad et al. 2015 . While geometric effects by definition 86 only depend on the spatial distributions of species and habitat fragments, demographic effects depend 87 on species traits and their potentially complex interactions with the modified environment. 88
In this study, we focus on geometric fragmentation effects, although it is important to 89 acknowledge that geometric and demographic effects can work at the same time and thus will need 90 to be simultaneously considered in empirical studies. Geometric fragmentation effects have been well-91 known for several decades (Diamond 1975, Quinn and Harrison 1988 ) and they are often qualitatively 92 discussed as post-hoc explanations of observed fragmentation per se-biodiversity relationships (e.g. 93 Tscharntke et al. 2002 , Seibold et al. 2017 ). However, while these effects are known conceptually, we 94 still require tools to quantify and predict this important aspect of fragmentation (Raheem et al. 2009 , 95 Tscharntke et al. 2012 . 96
When only geometric effects are considered, it is assumed that habitat fragments work like a 97 cookie-cutter, which means all individuals survive in habitat fragments, but die in the matrix. This 98 simplified perspective intentionally ignores more complex biological responses in space and time. For 99 the purpose of this study, we also define persistence and extinction at the landscape-scale based 100 exclusively on the geometry of species' and fragments' distributions. Landscape-scale extinction 101 means that all individuals of a given species are located in the matrix, while landscape-scale species 102 persistence means that one or more individuals of the focal species are located in habitat fragments 103 Geometric fragmentation effects depend on the distributions of individuals and species in 108 continuous habitat prior to landscape change. When the distribution of individuals follows complete 109 spatial randomness (CSR), the number of individuals in the remaining fragments only depends on the 110 total habitat amount. Under a CSR distribution, we thus expect landscape-scale species persistence, as 111 defined above, to depend on habitat amount, but not on fragmentation per se ( Fig. 1 , left column). In 112 contrast, when species show intraspecific aggregation, where individuals of the same species occur 113 closer together than expected in a CSR distribution, several smaller fragments are more likely to 114 "sample" at least a few individuals than a single large fragment ( Fig. 1 , middle column). Therefore, we 115 might expect fragmentation per se to be beneficial for the persistence of species with aggregated, i.e. 116 clustered, distributions. When species show a regular distribution of their individuals, all individuals 117 are separated by similar distances and there are gaps with a typical size among the individuals. In this 118 case, small fragments might be located in the gaps between species, while a large fragment, which is 119 larger than the gap size, will include at least some individuals. Accordingly, we expect persistence to 120 decrease with fragmentation per se (Fig. 1, right 
column). 121
It is important to note that geometric fragmentation effects occur regardless of the mechanism 122 that generates non-random species distributions (i.e. aggregation or regularity) in continuous habitat. 123
In landscapes with pre-existing environmental heterogeneity, species will often show aggregated 124 distributions, because of their species-specific habitat requirements and changes of competitive ability 125 with environmental conditions (Whittaker 1962 , Chase and Leibold 2003 . However, non-126 random species distributions can emerge even without environmental heterogeneity, when 127 intraspecific aggregation is generated by processes such as dispersal limitation (Hubbell 2001 an approach for quantification of geometric effects, called short-term species loss in their study. 140
However, their approach focusses on species distributions predicted by neutral models, which by 141 definition exclude regular distributions and assume that all species share the same dispersal 142 parameters and thus show similar spatial distributions (Hubbell 2001) . Here, we address these gaps by 143 presenting a more generic approach to quantify geometric fragmentation effects on species 144 abundances and their persistence. This approach allows us to efficiently evaluate a large range of 145 scenarios with respect to species abundances and distributions prior to landscape change, as well as a 146 large range of landscape configuration scenarios, including variations in habitat amount and 147 fragmentation per se. The simulated species distributions include random, aggregated, and regular 148 distributions. We will show that species mean abundances are only determined by habitat amount, 149 but not by fragmentation per se. In contrast, the effect of fragmentation per se on persistence depends 150 on the spatial pattern of the species distribution. For random distributions, there is no effect of 151 fragmentation per se on persistence probability, while the effects is consistently positive for 152 aggregated distributions and weakly negative for regular species distributions. We argue that it is 153 essential to understand the consequences of both geometric and demographic fragmentation effects 154 in order to reconcile the mixed results of previous research and to advance the debate about the 155 consequences of fragmentation for biodiversity. 156
Materials and Methods

157
In order to quantify geometric fragmentation effects, we develop a simulation approach that predicts 158 species abundances and persistence probabilities in fragmented landscapes according to the 159 geometric definition provided above. We designed the simulations in a way that enables one to 160 independently vary habitat amount and fragmentation per se. Furthermore, we can manipulate 161 species abundances and their spatial distributions in continuous landscapes prior to landscape change. 162
Simulated species distributions include random, aggregated and regular patterns ( Fig. 1) . 163 For simulations of regular species distributions, we applied the Strauss process, which 191 combines inhibition of individuals at small spatial scales with randomness at larger scales (Sterner et 192 al. 1986 , Wiegand and Moloney 2014). In the Strauss process there is inhibition of neighbouring 193 individuals at distances smaller than the interactions radius r. The strength of the inhibition is governed 194 by parameter γ, which is in the interval [0, 1]. When γ = 0, there is perfect inhibition, which means the 195 minimum distance between points is expected to be r. When γ = 1 there is no inhibition anymore and 196 the Strauss process converges to the Poisson process (CSR). In the simulations we defined the 197 inhibition strength (γ) as a free parameter, but we derived the inhibition distance from the simulated 198 number of individuals (N) as r = 1/√N, which is the distance between individuals if they are arranged in 199 a perfect lattice that covers that total landscape area. We simulated realizations of the Strauss process 
Species distributions
Results
232
For all simulation scenarios of initial species abundances, distributions, habitat amount, and 233 fragmentation per se we evaluated the mean and variation of abundance in fragmented landscapes, 234 as well as the geometrically defined persistence probability based on 1,000 replicate simulations. In a 235 first step, we compared responses to habitat amount and fragmentation per se among the three 236 distribution types random, aggregated, and regular. In subsequent steps, we investigated how 237 persistence probabilities in fragmented landscapes vary with respect to specific parameters of species 238 abundances and their distributions. 239
By statistical definition the expected number of individuals in habitat fragments equals the 240 initial abundance times the proportion of habitat (i.e. habitat amount) independent of the spatial 241 configuration of habitat. Accordingly, in our simulations the mean abundance across replicates was 242 always independent of fragmentation per se and equalled the initial abundance (nP) times the habitat 243 amount (Fig. 3 , top row). However, fragmentation per se clearly influenced the variability of abundance 244 among replicate simulations and this relationship qualitatively and quantitatively changed with species 245 distribution patterns ( Fig. 3 , middle row). With random distributions (CSR) the coefficient of variation 246 (cv) of abundances was independent of fragmentation per se. With aggregated distributions variation 247 was always higher than with CSR and furthermore variation decreases with increasing fragmentation 248 per se. For regular distributions, we found the opposite results that means variation was consistently 249 lower than with CSR and slightly increases with fragmentation per se. 250
These changes in variation of abundance also resulted in changes in persistence probability, 251
i.e. the probability that abundance is larger than zero in the fragmented landscape (Fig. 3, bottom row) . 252
Of course, persistence probability consistently increased with increasing species abundances (results 253 not shown). With respect to species distributions, persistence probability was highest with regular 254 distributions, intermediate with random and lowest with aggregated distributions. Persistence 255 probability was independent of fragmentation per se with random distributions. With intraspecific 256 aggregation persistence probability increased with fragmentation per se, but this increase was also 257 influenced by habitat amount. The positive relationship of persistence probability to fragmentation 258 per se was strong for low or intermediate habitat amounts, but disappeared for high habitat amounts. 259
In contrast, with regular distributions persistence probability slightly decreased with fragmentation 260 per se, but only for low habitat amount. The effect of fragmentation per se was weaker with regular 261 compared to aggregated distributions. 262
In a second step, we assessed the consequences of species distribution parameters within 263 aggregated and regular species distributions on persistence probabilities in more detail. The overall 264 aggregation of a species whose distribution follows the Thomas process depends on the number of 265 clusters (nC), the size of clusters (σ), and the number of individuals per cluster (μ). The total abundance 266 (nP) is the product of number of clusters (nC) and the number of individuals per cluster (μ). Therefore, 267 just two out of these three parameters (nP, nC, μ) can be varied independently, while the cluster size 268 parameter (σ) is independent of all the others. We analysed how persistence probability in fragmented 269 landscapes varies with changing cluster size and number of clusters for species with fixed total 270 abundance (100 individuals). We found that persistence probability increased with the number of 271 clusters and with the size of clusters, in agreement with the general result that the persistence 272 probability is higher for less aggregated species distributions (Fig. 4) . In almost all scenarios there was 273 an increase in persistence probability with fragmentation per se. The positive effect of many small 274 fragments only vanished for high numbers of clusters, large cluster size, and high habitat amount 275 ( Fig. 4, lower right corner) . 276
For regular distributions, we assessed how the effect of fragmentation per se on persistence 277 probability changed with the strength of neighbour inhibition (γ). The negative relationship between 278 fragmentation per se and persistence probability was stronger for stronger inhibition (i.e. lower γ-279 values that increase regularity, Fig. 5 ). The negative effect of fragmentation per se also vanished with 280 increasing habitat amount. For landscapes with more than 5% of habitat amount there were only 281 effects of fragmentation per se on persistence for the very low initial abundances of 10 individuals 282 (Fig. 5, bottom) . 283
All of these simulation results made use of habitat maps generated with the midpoint 284 displacement algorithm for fractal landscapes. However, for landscapes where we assume equally-285 sized circular fragments, which are randomly distributed, there is an analytical solution for the 286 persistence probability for aggregated distributions modelled with the Thomas process (see 287 se, 76% were positive and 24% were negative. Similar results have been also found in previous reviews 313 of the SLOSS problem (Simberloff and Abele 1982, Quinn and Harrison 1988) . From the perspective 314 adopted in our study, these findings might indicate that often positive geometric fragmentation effects 315 outweigh the presumably mostly negative demographic effects of fragmentation per se. The review of 316 Fahrig (2017) only considers studies which reported significant fragmentation effects. However, there 317 are also many studies that did not find clear effects of fragmentation per se (Yaacobi et al. 2007 , e.g. 318
Fahrig 2013). Our findings offer an interesting novel interpretation of these studies. We speculate that 319 in these studies, positive geometric effects might balance negative demographic effects so that the 320 net effect cannot be detected statistically. Of course all these interpretations remain speculative for 321 two main reasons. First, because we often lack information on species distributions and abundances 322 in the continuous landscape prior to landscape change, and second, because there might be also 323 positive demographic effects of fragmentation for specific taxa or trophic levels (reviewed in In real landscapes, the overall consequences of fragmentation per se will most likely include 331 both geometric and demographic effects. Our findings highlight the need that studies interested in 332 demographic fragmentation effects should incorporate geometric effects as a null-hypothesis. 333
According to our results and due to the generality of non-random -especially aggregated -species 334 distributions in nature, the null-hypothesis of no significant geometric fragmentation effects is likely 335 to be inappropriate. We suggest that depending on the degree of intraspecific aggregation prior to 336 landscape change, a positive relationship between fragmentation and species persistence or 337 biodiversity, respectively, is a more realistic null-hypothesis. 338
While our study exclusively investigated geometric effects, our findings suggest a protocol for 339 separating geometric and demographic fragmentation effects based on species distribution data in 340 modified landscapes. First, a reference scenario needs to be derived that is based only on geometric 341 effects. Depending on the available data this can be done in different ways. When the data includes 342 both, observations from a modified landscape and from an unmodified reference landscape with 343 continuous natural habitat (e.g. Schmiegelow In this study, we used specific spatial models of species aggregation (the Thomas process) and 360 regularity (the Strauss process). These models allow varying different components of species 361 distributions, specifically the number and sizes of clusters as well as the numbers of individuals per 362 cluster in the Thomas process, and the strength of neighbour inhibition in the Strauss process. We 363 investigated all of these components systematically and in combination with two different approaches 364 for simulations of habitat distributions, specifically fractal landscapes and landscapes with and equally-365 sized circular fragments. Therefore, we are confident that our results do not depend on a specific 366 model. We consider it as an advantage of our study that aggregation and regularity are modelled in a 367 generic way without reference to a specific ecological mechanism. This means that our findings 368 encompass ecosystems where non-random distributions can be caused by distinct processes, including 369 environmental heterogeneity plus habitat filtering, local dispersal, competition, or facilitation among 370 conspecific individuals. Several previous studies used spatially-implicit models, such as species-area 371 relationships Kinzig 1997, Kinzig and Harte 2000) or the negative binomials distribution (He 372 and Legendre 2002, Green and Ostling 2003) , to describe spatial distributions of species. Due to these 373 spatially-implicit approaches these studies could only asses the consequences of habitat amount, but 374 not of fragmentation per se for species diversity, which requires a spatially-explicit approach as used 375 in this study. 376
Tjørve (2010) applied species-area curves in order to resolve different results within the SLOSS 377 debate. Based on this approach he suggested that increasing species aggregation within fragments 378 favours low fragmentation per se (i.e., a single large fragment), which seems to be in contrast with our 379 finding that higher fragmentation per se maximizes persistence probability with aggregation. At the 380 same time Tjørve (2010) predicted that decreasing overlap between fragments (i.e., higher beta-381 diversity) favours higher fragmentation per se, (several small fragments). However, while the 382 independent variation of aggregation within fragments and beta-diversity among fragments is possible 383 with a phenomenological approach such as species-area relationships, these two parameters will be 384 coupled from a more mechanistic metacommunity perspective (Hubbell 2001 , Condit et al. 2002 . 385
Increasing aggregation will usually increase beta-diversity and thus reduce the overlap among 386 fragments, which in turn favours the several small strategy and high fragmentation per se according to 387 our as well as Tjørve's (2010) findings. 388
Dynamic and spatially-explicit simulation models offer an interesting approach to investigate 389 the interplay between geometric and demographic fragmentation effects. Unfortunately, even models 390 that potentially include both, geometric and demographic effects There has been a long and intense debate on the role of fragmentation for biodiversity. Our 412 study highlights the need to distinguish and explicitly consider geometric and demographic 413 fragmentation effects as a key issue for resolution of the debate. In retrospect, it is perhaps surprising 414 that positive correlations of biodiversity with fragmentation per se are often perceived as unexpected 415 (Fahrig 2017) , despite well-established qualitative knowledge about positive geometric fragmentation 416 effects. We hope that the approach and findings presented here will foster research on the relative 417 importance of geometric and demographic fragmentation effects across taxa, ecosystems, and spatio-418 temporal scales, and provide a way forward for synthesizing seemingly contradictory results on 419 responses of biodiversity to habitat loss and fragmentation per se. 420 . Accordingly, F(r) is the probability that at least one individual occurs in the 666 habitat fragment centred at point a, while 1 -F(r) is the probability that there is no individual in this 667 fragment. To quantify the probabilities of extinction or persistence at the landscape scale, we need 668 the probability that there is no individual in any of the nF habitat fragments. Under the assumption 669 that the contact distance distributions F(r) of individual fragments are identical and independent of 670 each other, the probability of extinction is given by: 671
Eq. A2 672
The persistence probability is thus 1 -Pext. 673
In order to link species persistence probabilities to aggregation and abundance, we employ 674 the analytical solution for the contact distance distribution of the Thomas where I0 denotes the modified Bessel function with order zero. 682
Based on these functions we can calculate the persistence probability of the species as 683 function of its abundance (N = ρ*A*μ), its aggregation (μ and σ), proportion of remaining habitat 684 (nF*π*r 2 /A), and fragmentation per se (nF). 685 686 the same way as described in the main text, but instead of using fractal landscapes, we now used 706 equally sized circular fragments as in the analytical approach. In this case the number of fragments (nF) 707 defines fragmentation per se, and their total area (nF*π*r 2 ) habitat amount. We used the so-called 708 hard-core process to simulate the positions of fragment centres. A hard-core process is equal to the 709 Strauss process with inhibition strength parameter γ = 0, which means there is perfect inhibition of 710 points up to inhibition distance R. We set the inhibition distance equal to twice the fragment radius r. 711
In this way, the hard-core process essentially simulates non-overlapping habitat fragments. 712
We simulated the same full factorial design for species distributions, habitat amount and 713 fragmentation per se as described in the main text, but now with landscapes of equally sized circular 714 fragments. The only difference is that fragmentation per se is described by varying fragment number 715 from 1 (low fragmentation per se) to 100 (high fragmentation per se) instead of the Hurst factor. 716
We found close agreement between persistence probabilities from the analytical approach 717 and the stochastic simulations (Figs. A2, A3, A4). However, at higher persistence probabilities the 718 analytical approach sometimes underestimates the simulated values by up to 20%. Specifically the 719 analytical results were biased towards lower persistence probabilities for high habitat amount and a 720 low number of species clusters (Fig. A3 , panels in the upper left corner). This bias is caused by the 721 assumption of independence among the contact distributions F(r) of the fragments in the analytical 722 approach (Eq. A2). This assumption is violated in the simulation because of the finite landscape area 723 and the non-overlapping fragments simulated by the hard-core process. However, there was close 724 match between analytical and simulated results for habitat amount below 20% (Fig. A3) . 
